Introduction {#s1}
============

Our understanding of the human cerebellum has undergone substantial revision in the past 20 years. Traditionally considered a motor structure, anatomical, clinical, and neuroimaging data have converged to suggest that the cerebellum has a role in modulation of cerebro-cerebellar circuits involved in cognition and emotion as well as motor control (for reviews, see Strick et al., [@B137]; Stoodley and Schmahmann, [@B133]). The cerebellum forms closed-loop circuits with the majority of the cerebral cortex, with the cerebellar hemispheres projecting to the contralateral cerebral cortex. This closed-loop circuitry, together with the crystalline structure of the cerebellar cortex, suggests that the cerebellum contains repeating modules (Apps and Garwicz, [@B7]), such that the function of a given region of the cerebellum depends on its inputs and outputs (for review, Ramnani, [@B105]). Supporting this concept, within the cerebellum different regions are involved in overt motor control vs. cognitive and emotional processing (Stoodley and Schmahmann, [@B132]). This functional topography of the human cerebellum is based on its anatomical connections with the cerebral cortex and spinal cord (Stoodley and Schmahmann, [@B133]): briefly, lobules I--V and lobule VIII are predominantly sensorimotor; lobules VI and VII form circuits with frontal and parietal association cortices; lobule IX may participate in multiple cortical networks, including the default mode network; and lobule X comprises the vestibulocerebellum. Resting-state functional connectivity studies also support this topography, and indicate that the regions of the cerebellum showing correlated activity with sensorimotor cortices differ from those that are functionally related to prefrontal and parietal association areas (e.g., Habas et al., [@B60]; Buckner et al., [@B25]). Figure [1](#F1){ref-type="fig"} shows cerebellar lobular anatomy, and cerebellar functional topography as revealed by task-based neuroimaging (Figure [1B](#F1){ref-type="fig"}) and resting state functional connectivity (Figure [1C](#F1){ref-type="fig"}).

![**Cerebellar anatomy and functional topography. (A)** Cerebellar anatomy shown on coronal, sagittal, and axial slices through the Spatially Unbiased Infratentorial (SUIT) atlas (Diedrichsen, [@B41]; Diedrichsen et al., [@B42]). The cerebellum is subdivided into three lobes (anterior, posterior, and flocculonodular \[lobule X\]) and 10 lobules (I-X). In humans, lobule VII is subdivided into Crus I, Crus II, and VIIB, and lobule VIII is divided into VIIIA and VIIIB. Yellow, lobules I--IV; light green, lobule V; blue, lobule VI; purple, lobule VII (Crus I); red, lobule VII (Crus II); orange, lobule VII (VIIB); green, lobule VIIIA; aqua, lobule VIIIB; dark purple, lobule IX; pink-purple, X. **(B)** Functional topography revealed by task-based neuroimaging (Stoodley et al., [@B136]). Activation related to right-handed finger tapping (red), language tasks (blue), working memory (violet), and spatial (green) tasks is shown. **(C)** Functional connectivity of the cerebellum based on correlations with cortical networks (adapted with permission from Buckner et al., [@B25]). Dark purple, visual; blue, somatomotor; green, dorsal attention; violet, ventral attention; cream, limbic; orange, frontoparietal; red, default network.](fnsys-08-00092-g0001){#F1}

Cerebellar functional topography is of importance when considering the role of the cerebellum in developmental disorders. As early as 1990, Levinson suggested that cerebellar-vestibular testing could potentially be used in the diagnosis of learning disabilities (such as developmental dyslexia) and attention deficit hyperactivity disorder (ADHD; Levinson, [@B85]). Since then, neuroimaging studies have reported cerebellar structural and functional differences in autism spectrum disorder (ASD), ADHD, and developmental dyslexia (hereafter "dyslexia"). However, it is not clear whether the same or different cerebellar regions are affected in these disorders. Understanding the convergence and divergence of cerebellar structural differences in ASD, ADHD and dyslexia can clarify whether the role of the cerebellum in these disorders is specific to particular cerebro-cerebellar circuits or represents a more general characteristic of a developmental disorder.

ASD is characterized by deficits in communication and social interaction, and repetitive and restrictive behaviors and interests (American Psychiatric Association, [@B6]). Mounting evidence from early postmortem (Bauman and Kemper, [@B10]; Ritvo et al., [@B109]; Bailey et al., [@B9]) and imaging studies (Courchesne et al., [@B38]) and more recent genetic, clinical, and imaging findings (for more comprehensive review on the cerebellum and ASD, see Becker and Stoodley, [@B12]) suggest the cerebellum is part of the distributed neural circuits that are dysfunctional in ASD. Decreased bilateral cerebellar cortical volume has been reported as one of the most important biomarkers for classification of ASD brains (Ecker et al., [@B49]), and reduction in the posterior midline vermis has been widely shown (e.g., Courchesne et al., [@B38], [@B36]; Kaufmann et al., [@B70]; Allen et al., [@B4]). Reduced integrity of the superior cerebellar peduncle (through which output fibers exit the cerebellum) in ASD has also been reported (Sivaswamy et al., [@B128]) and was associated with degree of social impairment (Catani et al., [@B31]). Both increases and decreases in cerebellar gray matter (GM) and white matter (WM) have been described in voxel-based morphometry (VBM) studies. Decreased GM is consistently found in midline lobule IX, right Crus I, and lobule VIII in ASD; increased GM has been reported in lobule VI (Cauda et al., [@B32]; Yu et al., [@B161]; Duerden et al., [@B44]; Nickl-Jockschat et al., [@B98]). These structural differences correlate with scores on autism diagnostic measures: increased GM in lobule VI correlated with worse social and communication scores (Rojas et al., [@B113]), posterior vermal GM and bilateral Crus II GM correlated with communication scores (Riva et al., [@B110]), and reduced GM in Crus I was associated with increased repetitive and stereotyped behaviors (Rojas et al., [@B113]).

ADHD is characterized by behavioral patterns of inattention, hyperactivity, and impulsivity (American Psychiatric Association, [@B6]). Like ASD and developmental dyslexia, there are several neural systems implicated in ADHD, including frontal-striatal and frontal-cerebellar circuits (for a recent review, see Kasparek et al., [@B69]). Cerebellar differences are evident on structural, functional, and spectroscopy imaging (Valera et al., [@B144]), and were the most significant finding in a recent VBM study in medication-naïve adults (Makris et al., [@B91]). From a pharmacological perspective, the cerebellum is one of the regions that shows altered activation following a single dose of methylphenidate (Czerniak et al., [@B40]), suggesting that the cerebellar differences are functionally significant in terms of the behavioral profile of ADHD. In the first quantitative study of brain morphometry in ADHD, Castellanos et al. ([@B30]) reported smaller cerebellar volume in ADHD children and adolescents relative to their typically-developing (TD) counterparts. In one of the earliest longitudinal studies investigating neurobiological underpinnings of ADHD, overall cerebellar volume was significantly reduced in ADHD children, a difference that persisted throughout development and correlated with symptom severity (Castellanos et al., [@B28]). Reduced right cerebellar volume was reported in ADHD children but not their unaffected siblings, even though prefrontal regions showed decreases in both children with ADHD and their unaffected siblings (Durston et al., [@B47]). As in ASD, posterior vermal volumes (lobules VIII--X) were reduced in ADHD relative to TD comparison groups (with no significant reduction in lobules VI--VII; Berquin et al., [@B13]; Mostofsky et al., [@B97]; Castellanos et al., [@B29]), and the reduction in the posterior vermis correlated with severity of ADHD symptoms (Bledsoe et al., [@B16]; Ivanov et al., [@B67]). ADHD children treated with methylphenidate did not show the same decreased volume in the posterior vermis (lobules VIII--X) as untreated ADHD children (Bledsoe et al., [@B15]), consistent with the proposal that methylphenidate can normalize cerebellar differences in the ADHD brain (see review by Schweren et al., [@B121]). Though less often reported, Mackie et al. ([@B90]) found that reduced superior cerebellar vermis volume was a stable difference in ADHD children that persisted over time; in the same study, smaller inferior posterior cerebellar hemisphere regions were associated with poorer outcome. VBM studies provide more detailed analyses of cerebellar structure than volumetric measures. Seidman et al. ([@B122]) conducted a region-of-interest VBM study and found reduced GM in several regions in the cerebellum compared to the TD group, including left cerebellar lobules IV--VI, VIII, IX, and X and right cerebellar lobules IV, Crus I, VIII, and IX. Other studies have reported differences in right Crus I (Carmona et al., [@B27]; Montes et al., [@B96]), left Crus I (Carmona et al., [@B27]), and in the posterior vermis (McAlonan et al., [@B92]; Yang et al., [@B159]).

Diffusion tensor imaging studies investigating WM differences in ADHD have reported reduced fractional anisotropy in the middle cerebellar peduncles (on the right, Bechtel et al., [@B11]; on the left, Ashtari et al., [@B8]), and WM in the left cerebellum (Ashtari et al., [@B8]; van Ewijk et al., [@B147]). Functional connectivity studies also suggest differences in cerebellar connectivity in ADHD (Tomasi and Volkow, [@B141]), particularly in the inattentive subtype (Fair et al., [@B55]). Reduced cerebellar activation has been reported during working memory tasks in right Crus I (Kobel et al., [@B77]; Wolf et al., [@B158]) and left lobule VI (Valera et al., [@B145]), and reduced functional connectivity was reported in left Crus I and right IX (Wolf et al., [@B158]).

Developmental dyslexia is defined as deficient literacy skills in the context of normal intelligence and educational opportunity (American Psychiatric Association, [@B5]). In addition to reading difficulties, poorer performance on a variety of "cerebellar" measures have been reported in dyslexia, including poorer balance, motor skills, and abnormal eye movements (reviewed by Stoodley and Stein, [@B134], [@B135]). The inability of dyslexic readers to achieve fast, fluent reading prompted Nicolson and Fawcett (Nicolson et al., [@B99]; Nicolson and Fawcett, [@B101]) to propose the cerebellar theory of dyslexia. They hypothesized that cerebellar dysfunction is a core aspect of the etiology of dyslexia and leads to a deficit in procedural learning, which could explain not only the reading difficulties but also other symptoms associated with dyslexia. Certainly, functional imaging studies show cerebellar engagement during reading tasks (e.g., Turkeltaub et al., [@B142]; reviewed in Stoodley and Stein, [@B134]) and a magnetoencephalography study by Kujala et al. ([@B81]) indicated that the cerebellum was one of the forward-driving nodes in the reading network. Structural differences in the cerebellum have been reported in dyslexia (e.g., Eckert, [@B51]), including differences in symmetry (with dyslexic individuals showing less-asymmetric cerebella than their TD counterparts, who generally show a rightward cerebellar asymmetry; Rae et al., [@B104]; Kibby et al., [@B73]; Leonard et al., [@B84]). Pernet et al. ([@B103]) reported that a region in right lobule VI was the most significant biomarker for classification of adult dyslexic brains.

How might these neural differences arise? Many of the genes implicated in developmental disorders affect brain development at its earliest stages. Of note, many of the candidate genes for these disorders are strongly expressed in the cerebellum; for example, KIAA0319 for dyslexia and CNTNAP2 in ASD (for reviews, see Abrahams and Geschwind, [@B2]; Carrion-Castillo et al., [@B27a]). Multiple genes have been implicated in each disorder, and linking genetics with imaging data is a relatively new approach (see Durston, [@B45]). Genetics in ADHD have focused on the dopamine and serotonin systems (e.g., DAT, DRD4, 5-HTT; Faraone et al., [@B56]), whereas studies of dyslexia have identified several candidate genes that are thought to be involved in early brain development, particularly neuronal migration (e.g., DYX1C1, DCDC2, KIAA0319; for review, Carrion-Castillo et al., [@B27a]). In ASD, a very heterogeneous genetic picture emerges, including multiple candidate genes and a potential significant role of rare copy number variants, with the cerebellum amongst the regions showing a relationship between genetic variants and structural differences in the brain (see Abrahams and Geschwind, [@B2], for review). For example, in non-ASD individuals, those who were homozygous for a risk allele on the autism candidate gene CNTNAP2 showed significantly reduced GM in the cerebellum in left lobule VI, bilateral Crus I, and in vermis lobule IX (Tan et al., [@B139]). It has been hypothesized that shared endophenotypes in these disorders, particularly between ASD and ADHD (see Rommelse et al., [@B115]), may be due to shared genetic factors (e.g., Rommelse et al., [@B114]); CNTNAP2, which is expressed in the cerebellum and potentially impacts language function, has been linked to both ASD and dyslexia (Abrahams and Geschwind, [@B2]; Carrion-Castillo et al., [@B27a]). It is possible that any shared differences in cerebellar structure might be related to some shared genetic factors amongst ASD, ADHD, and dyslexia.

Taken together, these data suggest that in developmental disorders merely stating that there are "cerebellar" findings is perhaps too broad. It is important to consider the location *within* the cerebellum, and the potential for different cerebro-cerebellar circuits to be impacted in different disorders. In other words, are cerebellar findings a general sign of developmental disorder, or are they more specifically related to the etiology of each disorder? Although different regions seem to be involved in ASD, ADHD, and developmental dyslexia, no study has examined this directly. Here we conduct an anatomical likelihood estimate (ALE) meta-analysis of VBM studies of ASD, ADHD, and dyslexia (compared to TD groups). First, we conducted a whole-brain ALE meta-analysis to evaluate the significance of cerebellar differences in the context of the whole brain. Second, we included studies using cerebellar regions of interest for a cerebellar-only analysis in each disorder. Third, we evaluated the overlap of the ALE maps for ASD, ADHD, and dyslexia. Finally, we interpreted our findings in the context of the functional connectivity of the cerebellum with the cerebral cortex, using Buckner et al. ([@B25])\'s 7-network map implemented as part of the Spatially Unbiased Infratentorial (SUIT) cerebellar atlas (Diedrichsen, [@B41]; Diedrichsen et al., [@B42]). The findings are discussed in the context of the diagnostic symptoms of each disorder.

Materials and methods {#s2}
=====================

Literature search
-----------------

Articles were identified through a PubMed (<http://www.ncbi.nlm.nih.gov/pubmed>) search including "autism AND imaging," "autism AND MRI"; "attention deficit AND imaging," "attention deficit AND MRI," "ADHD AND imaging," "ADHD AND MRI"; and "dyslexia AND imaging," "dyslexia AND MRI" with the limit "English," completed in July 2013. Only studies utilizing whole-brain VBM that compared the clinical groups with TD age-matched comparison groups were included. Therefore, for the initial analysis we eliminated studies that reported the results of functional neuroimaging studies; those that reported non-VBM or region-of-interest analyses of structural MRI data; those that did not report the coordinates of the results in standard space (Montreal Neurological Institute, MNI; Collins et al., [@B34] or Talairach and Tournoux, [@B138]); studies reporting incomplete coverage of the cerebellum; and studies that investigated clinical populations without reporting data from a TD comparison group. We also excluded studies whose primary focus was to investigate a comorbid disorder (e.g., individuals with ADHD who were also cocaine-dependent).

The 37 studies listed in Table [1](#T1){ref-type="table"} met these criteria. There were 17 VBM studies studying ASD, 10 investigating ADHD, and 10 for developmental dyslexia. These analyses thus represent the data from a total of 363 ASD participants vs. 373 TD controls; 249 ADHD participants vs. 248 TD controls; and 173 dyslexic participants vs. 163 TD controls. Twenty-one studies investigated children and adolescents (8 ASD, 8 ADHD, and 5 dyslexia studies) and adults were the participants in 14 studies (7 ASD, 2 ADHD, and 5 dyslexia studies).

###### 

**Studies included in the analyses**.

             **Study by author**                                     **Total *N***   **Clinical group *N* (gender)**   **TD group *N* (gender)**   **Age (years) clinical group**   **Age (years) TD group**
  ---------- ------------------------------------------------------- --------------- --------------------------------- --------------------------- -------------------------------- --------------------------
  ASD        Abell et al., [@B1]                                     30              15 (12 males)                     15 (12 males)               28.8                             25.3
             Boddaert et al., [@B17]                                 33              21 (16 males)                     12 (7 males)                9.3                              10.8
             Bonilha et al., [@B20]                                  28              12 (12 males)                     16 (16 males)               12.4                             13.2
             Brieber et al., [@B23]                                  30              15 (15 males)                     15 (15 males)               Adults                           Adults
             Craig et al., [@B39]                                    33              14 (0 males)                      19 (0 males)                37.9                             35
             Ecker et al., [@B49][^\*^](#TN1){ref-type="table-fn"}   44              22 (22 males)                     22 (22 males)               27                               28
             Ecker et al., [@B50]                                    178             89 (89 males)                     89 (89 males)               26                               28
             Hyde et al., [@B64]                                     30              15 (15 males)                     15 (15 males)               22.7                             19.2
             Ke et al., [@B71]                                       32              17 (14 males)                     15 (12 males)               8.9                              9.7
             Kwon et al., [@B82]                                     33              20 (20 males)                     13 (13 males)               13.5                             13.6
             McAlonan et al., [@B93]                                 34              17 (16 males)                     17 (16 males)               11                               12
             McAlonan et al., [@B94]                                 88              33 (27 males)                     55 (47 males)               11.6                             10.7
             Riva et al., [@B111]                                    42              21 (13 males)                     21 (13 males)               6.5                              6.8
             Rojas et al., [@B113]                                   47              24 (24 males)                     23 (23 males)               20.8                             21.4
             Schmitz et al., [@B120]                                 22              10 (10 males)                     12 (12 males)               36.0                             38.0
             Waiter et al., [@B155]                                  32              16 (16 males)                     16 (16 males)               15.4                             15.5
             Wilson et al., [@B157]                                  20              10 (8 males)                      10 (7 males)                30.1                             29.4
             Total ASD                                               736             363 (323 males)                   373 (326 males)             19.0 years (10.1 *SD*)           18.7 years (9.2 *SD*)
  ADHD       Ahrendts et al., [@B3]                                  40              31 (20 males)                     31 (20 males)               31.2                             31.5
             Brieber et al., [@B23]                                  30              15 (15 males)                     15 (15 males)               13.1                             13.3
             Carmona et al., [@B27]                                  50              25 (21 males)                     25 (21 males)               10.8                             11.2
             Kobel et al., [@B76]                                    26              14 (14 males)                     12 (12 males)               10.4                             10.9
             Lim et al., [@B87]                                      58              29 (29 males)                     29 (29 males)               13.8                             14.4
             McAlonan et al., [@B92]                                 59              28 (28 males)                     31 (31 males)               9.9                              9.6
             Overmeyer et al., [@B102]                               34              18 (15 males)                     16 (15 males)               10.4                             10.3
             Sasayama et al., [@B119]                                35              18 (13 males)                     17 (12 males)               10.6                             10.0
             van Wingen et al., [@B148]                              29              14 (14 males)                     15 (15 males)               32.0                             37.0
             Yang et al., [@B159]                                    114             57 (35 males)                     57 (34 males)               11.1                             11.7
             Total ADHD                                              497             249 (204 males)                   248 (204 males)             15.3 years (8.7 *SD*)            16.0 years (9.8 *SD*)
  Dyslexia   Brambati et al., [@B22]                                 21              10 (5 males)                      11 (5 males)                31.6                             27.4
             Brown et al., [@B24]                                    30              16 (16 males)                     14 (14 males)               24                               24
             Eckert et al., [@B52]                                   26              13 (13 males)                     13 (13 males)               11.4                             11.3
             Hoeft et al., [@B61]                                    38              19 (10 males)                     19 (10 males)               14.4                             14.4
             Jednorog et al., [@B68]                                 81              46 (26 males)                     35 (13 males)               10.3                             10.3
             Kronbichler et al., [@B80]                              28              13 (13 males)                     15 (15 males)               15.9                             15.5
             Silani et al., [@B124]                                  64              32 (32 males)                     32 (32 males)               24.4                             26.3
             Siok et al., [@B127]                                    32              16 (8 males)                      16 (13 males)               11.0                             11.0
             Steinbrink et al., [@B130]                              16              8 (6 males)                       8 (6 males)                 20.1                             23.7
             Vinckenbosch et al., [@B151]                            23              13 (13 males)                     10 (10 males)               Adults                           Adults
             Total Dyslexia                                          336             173 (142 males)                   163 (121 males)             18.1 (7.4 *SD*)                  18.2 (7.1 *SD*)

*This study used support vector machine (SVM) analysis of VBM data*.

Cerebellar region of interest analysis
--------------------------------------

Since our goal was to focus on cerebellar structural differences in ASD, ADHD, and dyslexia, we also conducted a secondary analysis in which only cerebellar coordinates were included in the ALE analysis. Studies not reporting cerebellar differences were not included in this analysis, and therefore not all studies included in the whole-brain analysis were added to the cerebellum-only analysis. In this analysis, we also included studies which conducted voxel-based analyses in which cerebellar findings were reported as part of a region of interest (ROI) analysis. Five additional studies were included (2 for ASD, 2 for ADHD, 1 for dyslexia). All studies included in the ROI analysis are listed in Table [2](#T2){ref-type="table"}. As with most ROI analyses, limiting the coordinates included in the analysis to the cerebellum increases statistical power for detecting voxel-level differences within the ROI.

###### 

**Studies included in the cerebellar ROI analyses**.

             **Study by author**                                      **Total *N***   **Clinical group *N* (gender)**   **TD group *N* (gender)**   **Age (years) clinical group**   **Age (years) TD group**
  ---------- -------------------------------------------------------- --------------- --------------------------------- --------------------------- -------------------------------- --------------------------
  ASD        Ecker et al., [@B49]                                     44              22 (22 males)                     22 (22 males)               27                               28
             Ecker et al., [@B50]                                     178             89 (89 males)                     89 (89 males)               26                               28
             McAlonan et al., [@B93]                                  34              17 (16 males)                     17 (16 males)               11                               12
             McAlonan et al., [@B94]                                  88              33 (27 males)                     55 (47 males)               11.6                             10.7
             Riva et al., [@B111]                                     42              21 (13 males)                     21 (13 males)               6.5                              6.8
             Rojas et al., [@B113]                                    47              24 (24 males)                     23 (23 males)               20.8                             21.4
             Salmond et al., [@B117]                                  27              14 (13 males)                     13 (13 males)               12.9                             12.1
             Salmond et al., [@B118]                                  44              22 (20 males)                     22 (19 males)               11.8                             12.1
             Wilson et al., [@B157]                                   20              10 (8 males)                      10 (7 males)                30.1                             29.4
  ADHD       Carmona et al., [@B27]                                   50              25 (21 males)                     25 (21 males)               10.8                             11.2
             Lim et al., [@B87]                                       58              29 (29 males)                     29 (29 males)               13.8                             14.4
             McAlonan et al., [@B92]                                  59              28 (28 males)                     31 (31 males)               9.9                              9.6
             Montes et al., [@B96][^\*^](#TN2){ref-type="table-fn"}   23              11 (0 males)                      12 (0 males)                7.2                              7.8
             Montes et al., [@B96][^\*^](#TN2){ref-type="table-fn"}   18              8 (0 males)                       10 (0 males)                14.9                             14.9
             Montes et al., [@B96][^\*^](#TN2){ref-type="table-fn"}   20              10 (0 males)                      10 (0 males)                27.9                             26.5
             Seidman et al., [@B122]                                  128             74 (38 males)                     54 (25 males)               37.3                             34.3
             Yang et al., [@B159]                                     114             57 (35 males)                     57 (34 males)               11.1                             11.7
  Dyslexia   Brambati et al., [@B22]                                  21              10 (5 males)                      11 (5 males)                31.6                             27.4
             Brown et al., [@B24]                                     30              16 (16 males)                     14 (14 males)               24                               24
             Eckert et al., [@B52]                                    26              13 (13 males)                     13 (13 males)               11.4                             11.3
             Kronbichler et al., [@B80]                               28              13 (13 males)                     15 (15 males)               15.9                             15.5
             Pernet et al., [@B103]                                   77              38 (34 males)                     39 (35 males)               27.2                             27.8

*This study separately compared children, adolescents, and adults with ADHD vs. age-matched TD populations, and thus was entered as three separate comparisons in the ALE analysis*.

Co-morbid disorders in included studies
---------------------------------------

While we excluded studies which focused on co-morbid disorders, it is possible that within each sample there were participants with, for example, ADHD and developmental dyslexia. It is less likely that there would be a co-morbid group of ASD and ADHD participants, as the versions of the Diagnostic and Statistical Manual of Mental Disorders (DSM) that were employed in these studies excluded symptoms of inattention and hyperactivity "during the course of a pervasive developmental disorder," which by nature excludes ASD from the ADHD diagnosis (e.g., American Psychiatric Association, [@B5]).

In ADHD, the most commonly reported co-morbid disorders were anxiety disorder (Carmona et al., [@B27]; McAlonan et al., [@B92]; Yang et al., [@B159]; Kobel et al., [@B76]), major depressive disorder (Seidman et al., [@B122]), conduct disorder (Overmeyer et al., [@B102]; McAlonan et al., [@B92]; Kobel et al., [@B76]; Sasayama et al., [@B119]), oppositional defiant disorder (Overmeyer et al., [@B102]; Yang et al., [@B159]; Sasayama et al., [@B119]), and obsessive-compulsive disorder (McAlonan et al., [@B92]; Kobel et al., [@B76]). These disorders are commonly co-morbid with ADHD (Biederman, [@B14]). Only one study reported a participant with co-morbid dyslexia (Overmeyer et al., [@B102]; one participant in their clinical sample of 18). Two studies noted a subset of participants with learning disability. In Seidman et al. ([@B122]) the diagnosis of co-morbid learning disability in their adult sample (9 adults of 74 ADHD participants) was based on scores on reading and/or arithmetic scores (Wide Range Achievement Test), and so could include participants with reading disorder; in Yang et al. ([@B159]), 5 of the 57 ADHD children were diagnosed with learning disability. In each study, the number of participants with learning disability (which may or may not include reading disability) was relatively low.

In the ASD group, the vast majority of studies ruled out genetic syndromes such as Fragile X as part of their standard exclusion criteria. In the one study in which there was a Fragile X comparison group (Wilson et al., [@B157]), we only included the data from the ASD group without Fragile X. In the one study including both ASD and ADHD participants (Brieber et al., [@B23]), the individuals with ASD did not have symptoms of ADHD and *vice versa*. Three other ASD studies specifically noted that ADHD was an exclusion criterion (Salmond et al., [@B117], [@B118]; McAlonan et al., [@B94]), though most studies more broadly excluded psychiatric disorders. In the dyslexia group, the diagnosis of reading disorder excludes reading difficulties that could be better attributed to another disorder. Several studies did specifically note that individuals with co-morbid ADHD were excluded (Brown et al., [@B24]; Vinckenbosch et al., [@B151]; Jednorog et al., [@B68]).

Data extraction and analysis
----------------------------

### Anatomic likelihood estimate (ALE) meta-analysis

The ALE meta-analysis method for imaging studies was originally described by Turkeltaub et al. ([@B142]). This method treats each focus as the center of a probability distribution, rather than a single point, and so is better able to deal with inevitable inter-study differences in scanning parameters and imaging analyses (Turkeltaub et al., [@B142]). Newer iterations of the program (GingerALE software 2.3, [www.brainmap.org/ale](http://www.brainmap.org/ale); Eickhoff et al., [@B54], [@B53]; Turkeltaub et al., [@B143]) incorporate random effects analysis and a modification to limit the effect of any single experiment on the ALE results (Turkeltaub et al., [@B143]).

The meta-analysis procedure using GingerALE is summarized as follows. Text files for each clinical group (ASD, ADHD, dyslexia) were generated that contained the GM foci reported in each study for the clinical group vs. TD group comparison, with separate files for clinical group \> TD and clinical group \< TD. Foci in Talairach space were converted to MNI space using the icbm2tal transform (Lancaster et al., [@B83]) prior to analysis. Foci that were reported in Talairach space that had been transformed from MNI space using the Brett transform were converted back to MNI space using the Brett transform (mni2tal) rather than icbm2tal. The foci were blurred with a full-width half-maximum (FWHM) calculated based on the subject size of each study. GingerALE uses the foci from each study to create a Modeled Activation (MA) map for each study by taking the maximum across each focus\' Gaussian (Turkeltaub et al., [@B143]). The union of all the MA maps creates the ALE image. The null distribution of the ALE statistic at each voxel was determined as described in Eickhoff et al. ([@B53]). ALE maps were thresholded at *p* \< 0.001 (uncorrected) with a minimum cluster size (*k*) of 50 for the whole-brain analyses and at false discovery rate (FDR)-corrected *p* \< 0.01 (*k* \> 50) for the cerebellum-only ROI analysis. The data were visualized using MRIcron (<http://www.mccauslandcenter.sc.edu/mricro/mricron/>) with the thresholded ALE maps as the overlay, and the SUIT (Diedrichsen, [@B41]; Diedrichsen et al., [@B42]) template as the underlay.

### Anatomical localization of results

The GingerALE program outputs the size, extent, weighted center, peak coordinates, and ALE values for each cluster. We used the SUIT atlas (Diedrichsen, [@B41]; Diedrichsen et al., [@B42]) to localize the cluster peak coordinates to different lobules of the cerebellum.

### Network analyses

In order to evaluate the cerebellar findings in the context of cerebro-cerebellar circuits, we utilized the Buckner et al. ([@B25]) 7-network map available in MRIcron in conjunction with the SUIT cerebellar atlas. The 7-network map is the result of a winner-takes-all algorithm at each voxel in the cerebellum used to determine which of 7 cortical networks (defined by Yeo et al., [@B160]) showed the strongest functional correlation with that cerebellar region. These data resulted from functional connectivity analyses in 1000 healthy adults (500 in the discovery sample, 500 in the replication sample). Figure [1C](#F1){ref-type="fig"} shows the connectivity map and the corresponding 7 cortical networks, including the somatomotor, visual, limbic, frontoparietal, dorsal and ventral attention, and default mode networks. We overlaid our thresholded ALE maps on top of the cerebellar connectivity maps in order to estimate the functional connectivity of the cerebellar regions showing significant effects in each disorder.

Results {#s3}
=======

ASD
---

The whole brain analysis revealed significant GM reduction in cerebellar clusters in right Crus I, left lobule VIIIB, and vermis lobule IX in ASD (Figure [2](#F2){ref-type="fig"}, Table [3](#T3){ref-type="table"}; whole-brain results are available in Supplementary Table [1](#SM1){ref-type="supplementary-material"}: the most significant cluster in the brain was in the left cuneus \[BA 7\], followed by the left cerebellar VIII cluster, the right Crus I cluster, and the midline IX cluster). No GM increases were found in the cerebellum. The cerebellar-only ALE analysis (Figure [3](#F3){ref-type="fig"}, Table [3](#T3){ref-type="table"}), including the additional studies with cerebellar ROIs, revealed GM reduction again in right Crus I, midline IX, and left VIIIB, with more voxels reaching significance than in the whole-brain analysis. The cerebellar analysis of GM increases showed increased GM in the right dentate nucleus and bilaterally in lobule VIIB.

![**Cerebellar GM differences in ASD. Left**, regions in the whole-brain analysis showing significant ALE voxels where ASD \< TD (red), thresholded at *p* \< 0.001, *k* \> 50. **Right**, corresponding slices showing functional connectivity maps of the cerebellum (Buckner et al., [@B25]). Networks are color-coded such that blue, somatomotor; green, dorsal attention; violet, ventral attention; cream, limbic; orange, frontoparietal; red, default network.](fnsys-08-00092-g0002){#F2}

###### 

**GM differences in ASD: whole brain and cerebellar-only analyses**.

                                **Cluster number**   **Volume (mm^3^)**   **ALE value × 10^−3^**   ***x***   ***y***   ***z***   **Location**
  ----------------------------- -------------------- -------------------- ------------------------ --------- --------- --------- ---------------
  **WHOLE BRAIN ANALYSIS**                                                                                                       
  ASD \< TD                     1                    368                  11.50                    −24       −44       −52       Left VIIIB
                                2                    352                  13.98                    54        −54       −36       Right Crus I
                                3                    328                  12.85                    −2        −60       −40       Midline IX
                                4                    56                   10.41                    30        −84       −24       Right Crus I
  ASD\>TD                       No sig. clusters                                                                                 
  **CEREBELLAR ROI ANALYSIS**                                                                                                    
  ASD \< TD                     1                    416                  13.98                    54        −54       −36       Right Crus I
                                2                    400                  13.13                    0         −58       −40       Midline IX
                                3                    152                  10.41                    30        −84       −24       Right Crus I
                                4                    64                   7.87                     −4        −60       −58       Midline IX
                                5                    56                   9.02                     −26       −48       −48       Left VIIIB
  ASD \> TD                     1                    784                  12.96                    12        −68       −36       Right dentate
                                2                    72                   8.41                     26        −72       −50       Right VIIB
                                3                    64                   8.35                     −26       −72       −48       Left VIIB

*ASD, Autism spectrum disorder; TD, typically-developing; ROI, region of interest; x, y, z, MNI coordinates*.

![**ASD cerebellar ROI analysis**. Left, ASD \< TD in additional IX and right Crus I clusters (red) and regions where ASD \> TD (violet) in the right dentate nucleus and bilaterally in VIIB. These ALE maps are thresholded at FDR-corrected *p* \< 0.05, *k* \> 50. Right, corresponding slices showing functional connectivity maps of the cerebellum (Buckner et al., [@B25]). Networks are color-coded such that blue, somatomotor; green, dorsal attention; violet, ventral attention; cream, limbic; orange, frontoparietal; red, default network.](fnsys-08-00092-g0003){#F3}

ADHD
----

In the ADHD group, significant ALE values indicating decreased GM were found in bilateral cerebellar lobule IX (Figure [4](#F4){ref-type="fig"}, Table [4](#T4){ref-type="table"}; whole-brain results are reported in Supplementary Table [2](#SM1){ref-type="supplementary-material"}). Clusters in the basal ganglia (putamen, caudate), medial frontal gyrus (BA 11), cuneus (BA 18), and amygdala had more significant ALE values than the cerebellar clusters (see Supplementary Table [2](#SM1){ref-type="supplementary-material"}). There were no cerebellar regions in which increased GM was found relative to the TD groups. In the cerebellar ROI analysis, in addition to the bilateral IX clusters reported as part of the whole-brain analysis, significant GM differences (ADHD \< TD) were found in right Crus I, left lobule X, and bilaterally in VIIIB.

![**ADHD \< TD GM: whole-brain and ROI analyses**. Left **(A)**, Regions in the whole-brain analysis showing significant ALE voxels where ADHD \< TD (blue), thresholded at *p* \< 0.001, *k* \> 50. **(B)** Regions showing ADHD \< TD in the ROI analysis. Right, corresponding slices showing functional connectivity maps of the cerebellum (Buckner et al., [@B25]). Networks are color-coded such that blue, somatomotor; green, dorsal attention; violet, ventral attention; cream, limbic; orange, frontoparietal; red, default network.](fnsys-08-00092-g0004){#F4}

###### 

**GM differences in ADHD: whole brain and cerebellar-only analyses**.

                                **Cluster number**   **Volume (mm^3^)**   **ALE value × 10^−3^**   ***x***   ***y***   ***z***   **Location**
  ----------------------------- -------------------- -------------------- ------------------------ --------- --------- --------- -----------------
  **WHOLE-BRAIN ANALYSIS**                                                                                                       
  ADHD \< TD                    1                    80                   9.67                     −16       −48       −45       Left lobule IX
                                2                    64                   8.99                     18        −48       −46       Right lobule IX
  **CEREBELLAR ROI ANALYSIS**                                                                                                    
  ADHD\<TD                      1                    96                   10.49                    20        −44       −54       Right VIIIB
                                2                    80                   9.80                     −16       −48       −46       Left lobule IX
                                3                    72                   9.75                     18        −46       −46       Right lobule IX
                                4                    64                   10.21                    56        −68       −32       Right Crus I
                                5                    56                   9.98                     6         −60       −58       Right lobule IX
                                6                    56                   10.03                    −14       −44       −56       Left VIIIB
                                7                    56                   9.99                     −26       −32       −40       Left X
                                8                    56                   9.98                     44        −80       −30       Right Crus I
                                9                    56                   9.98                     20        −34       −24       Right I--IV

*ADHD, attention deficit hyperactivity disorder; TD, typically-developing; ROI, region of interest; x, y, z, MNI coordinates*.

Developmental dyslexia
----------------------

ALE analysis of VBM studies in developmental dyslexia only revealed regions in which GM in dyslexia was reduced relative to TD groups (Figure [5](#F5){ref-type="fig"}, Table [5](#T5){ref-type="table"}; whole-brain analyses are in Supplementary Table [3](#SM1){ref-type="supplementary-material"}). In dyslexia, the most significant and largest ALE cluster in the whole brain was in the cerebellum (left lobule VI); a second significant cluster was found in right lobule VI. In addition to the bilateral lobule VI clusters, the cerebellar ROI analyses revealed regions of reduced GM in dyslexia in right lobule VI and right Crus II.

![**Dyslexia \< TD GM: whole-brain and ROI analyses**. Left **(A)**, Regions in the whole-brain analysis showing significant ALE voxels where Dyslexia \< TD (green), thresholded at *p* \< 0.001, *k* \> 50. **(B)** Regions showing Dyslexia \< TD in the ROI analysis. Right, corresponding slices showing functional connectivity maps of the cerebellum (Buckner et al., [@B25]). Networks are color-coded such that blue, somatomotor; green, dorsal attention; violet, ventral attention; cream, limbic; orange, frontoparietal; red, default network.](fnsys-08-00092-g0005){#F5}

###### 

**GM differences in dyslexia: whole brain and cerebellar-only analyses**.

                                **Cluster number**   **Volume (mm^3^)**   **ALE value × 10^−3^**   ***x***   ***y***   ***z***   **Location**
  ----------------------------- -------------------- -------------------- ------------------------ --------- --------- --------- ---------------
  **WHOLE-BRAIN ANALYSIS**                                                                                                       
  Dyslexia \< TD                1                    392                  10.18                    −26       −50       −32       Left VI
                                2                    64                   6.73                     32        −52       −20       Right VI
  **CEREBELLAR ROI ANALYSIS**                                                                                                    
  Dyslexia \< TD                1                    304                  8.98                     −26       −50       −30       Left VI
                                2                    208                  9.72                     26        −64       −28       Right VI
                                3                    64                   7.13                     26        −54       −32       Right VI
                                4                    56                   7.14                     18        −74       −38       Right Crus II

*TD, typically-developing; ROI, region of interest; x, y, z, MNI coordinates*.

Convergence or divergence?
--------------------------

Figures [6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"} show the ALE maps of the locations where the clinical groups have less GM than the TD groups for ASD, ADHD, and dyslexia. It is clear, based on the whole-brain analyses (Figure [6](#F6){ref-type="fig"}), that different regions of the cerebellum are impacted in each disorder. Even though the ROI analyses revealed additional significant cerebellar clusters within each group, there were no overlapping cerebellar regions affected (Figure [7](#F7){ref-type="fig"}).

![**Different cerebellar regions affected in ASD vs. ADHD vs. dyslexia**. Coronal slices through the cerebellum show clusters of GM decreases in ASD (red), ADHD (blue), and dyslexia (green).](fnsys-08-00092-g0006){#F6}

![**Different cerebellar regions affected in ASD vs. ADHD vs. dyslexia in the cerebellar ROI analyses**. Coronal, axial, and sagittal slices through the cerebellum show clusters of GM decreases in ASD (red), ADHD (blue), and dyslexia (green) resulting from the ROI analysis.](fnsys-08-00092-g0007){#F7}

Network analysis
----------------

We estimated the functional significance of the cerebellar findings in ASD, ADHD, and dyslexia using Buckner et al.\'s ([@B25]) 7-network functional connectivity mapping of the cerebellum, available in conjunction with the SUIT cerebellar atlas. This functional connectivity map enables us to evaluate which of 7 broad cortical networks shows the strongest functional connectivity with each of our cerebellar clusters. The 7 cortical networks include the somatomotor, frontoparietal, dorsal and ventral attention, visual, limbic, and default mode networks (see Buckner et al., [@B25] and Yeo et al., [@B160], for more details).

In ASD, the right Crus I cluster fell within both the frontoparietal cortical network and the default mode network. The left lobule VIIIB cluster mapped to the somatomotor network, whereas the vermis lobule IX cluster mapped to the limbic network. Figure [2](#F2){ref-type="fig"} (right) shows these clusters in the context of the functional connectivity mapping of the cerebellum. Additional clusters from the ROI analysis were also in the limbic (additional IX cluster) and default (second right Crus I cluster) networks (Figure [3](#F3){ref-type="fig"}, right). In ADHD, the clusters were part of the dorsal attention network (Figure [4](#F4){ref-type="fig"}, right); the additional clusters emerging from the cerebellar ROI analysis involved the ventral attention network (additional bilateral VIIIB clusters), the somatomotor network (right anterior lobe), and the default network (right Crus I cluster). In dyslexia, the left VI cluster was located in the part of the cerebellum mapping to the ventral attention network (Figure [5](#F5){ref-type="fig"}, right); the clusters identified in the cerebellar ROI analysis mapped to the frontoparietal (right VI) and default mode networks (right Crus II). Therefore, while there were no regions of overlap within the cerebellum anatomically, there is some degree of overlap as to the potential cerebro-cerebellar networks affected in these disorders.

Discussion {#s4}
==========

Our ALE meta-analysis of VBM studies revealed that different regions of the cerebellum show reduced GM in ASD, ADHD, and developmental dyslexia relative to TD age-matched individuals. The cerebellar findings were significant in the context of whole-brain analyses, and were supported and extended by the cerebellar ROI analyses. The network analyses also suggested that different cerebro-cerebellar networks are disrupted in these developmental disorders, and it is possible that, within each disorder, different core symptoms are mediated by unique cerebro-cerebellar circuits. This is consistent with the repeating, modular circuitry of the cerebellar cortex, such that discrete sub-regions within the cerebellum have different functions. In this context, cerebellar modulation could be applied to various cortical networks, including somatomotor, attention, frontoparietal, and default mode networks (see Ito, [@B66]). These findings indicate that the localization of regional differences in ASD, ADHD, and dyslexia and their functional significance should be considered in the context of the functional topography of the human cerebellum.

In ASD, three regions of reduced GM emerged from the analysis: midline lobule IX, right Crus I, and left lobule VIIIB; in functional connectivity analyses, these regions are associated with limbic, frontoparietal/default mode, and somatomotor networks, respectively (Buckner et al., [@B25]). Therefore, the structural and functional connectivity of these regions are consistent with the complex behavioral profile of ASD, which includes difficulties in social interaction and communication, as well as repetitive and stereotyped behaviors. Structurally, the midline lobule IX cluster is consistent with early anatomical reports of reduced volume of the inferior cerebellar vermis in ASD (e.g., Courchesne et al., [@B38], [@B37]). In terms of the functional significance of this region, vermal damage in preterm infants has also been associated with ASD symptoms (Limperopoulos et al., [@B88]). Clinical studies investigating the behavioral effects of cerebellar malformations also support a relationship between vermal malformations and positive ASD screens, whereas cerebellar hemisphere malformations are more often associated with selective deficits in executive function, language, or spatial cognition (Tavano et al., [@B140]; Bolduc et al., [@B18], [@B19]). Right Crus I is active during cognitive tasks, including language and working memory paradigms (e.g., Stoodley and Schmahmann, [@B132]), and right posterolateral damage to the cerebellum has been associated with language deficits (e.g., Riva and Giorgi, [@B112]; Stoodley et al., [@B131]). It is therefore possible that right Crus I differences could be related to communication deficits in ASD. The relationship between this right Crus I cluster and the frontoparietal association network supports this idea, as does a recent report showing reduced functional connectivity between right Crus I and cortical language regions including the supplementary motor area, inferior frontal gyrus, and dorsolateral prefrontal cortex in ASD (Verly et al., [@B149]). The right Crus I cluster also overlapped with cerebellar regions associated with the default mode network, which is thought to be dysfunctional in ASD (see review by Minshew and Keller, [@B95]) and is associated with various aspects of social processing (Li et al., [@B86]). Consistent with our structural finding, a large resting-state functional connectivity study reported reduced functional connectivity in the cerebellum and the default mode networks in ASD (Tomasi and Volkow, [@B141]). Crus I is also engaged during empathy and theory of mind tasks in TD individuals (Vollm et al., [@B153]), which suggests that structural differences in this region may contribute to the well-documented difficulties with empathy and theory of mind in ASD individuals. Finally, we found reduced GM in left lobule VIIIB in ASD, which may be related to impaired motor control (see Becker and Stoodley, [@B12], for review of motor symptoms in ASD), since lobule VIIIB participates in somatomotor networks (Krienen and Buckner, [@B79]; Buckner et al., [@B25]) and is active during sensorimotor tasks (e.g., Stoodley and Schmahmann, [@B132], for review). The finding that cerebellar differences in ASD map to different functional regions of the cerebellum---including those that are involved in affective function, language, and motor control---suggests that GM reductions in midline lobule IX, right Crus I, and left VIIIB may make different contributions to the core symptoms of ASD.

In ADHD, the whole-brain analysis showed GM reduction bilaterally in lobule IX; notably, not the same regions of IX as were found in ASD. Instead, these clusters mapped to cerebellar regions associated with the dorsal attention network (Buckner et al., [@B25]), which is thought to modulate voluntary allocation of attention (see Corbetta and Shulman, [@B35]; Vossel et al., [@B154], for review). In the ROI analysis, GM reductions were also found in VIIIB and right Crus I, in regions involving the ventral attention network and default mode network, respectively. A cluster was also found in the anterior lobe of the cerebellum, which shows structural and functional connectivity with sensorimotor areas of the cerebral cortex (see Krienen and Buckner, [@B79]; Stoodley and Schmahmann, [@B133]). Frontal-cerebellar circuits have been associated with timing functions that are hypothesized to be crucial to prediction and attention (Ghajar and Ivry, [@B58]), and timing is considered a critical impairment in ADHD (e.g., Sonuga-Barke et al., [@B129]). Consistent with this, Durston et al. ([@B48]) have proposed that frontal-cerebellar circuits in ADHD are specifically related to timing, a concept which is supported by a range of neuroimaging studies reporting cerebellar dysfunction in ADHD during time duration judgments and violations of timing (e.g., Durston et al., [@B46]; Valera et al., [@B146]; Vloet et al., [@B152]). The functional connectivity of the cerebellar regions associated with ADHD with the dorsal and ventral attention networks and the default mode network make sense in the context of the networks thought to be affected in ADHD (Bush, [@B26], for review). Consistent with the decreased GM in VIIIB found in the ROI analysis, Hoekzema et al. ([@B63], [@B62]) found that VIIIB showed GM and BOLD signal increases following cognitive training in children with ADHD, which was associated with improved performance on an attention task. These findings suggest that the cerebellum mediates attention-related circuitry that is relevant to the etiology of ADHD.

In participants with developmental dyslexia, reduced GM was located in lobule VI bilaterally; when the ROI analysis was performed, an additional cluster was found in right Crus II. These findings are consistent with other studies in dyslexia, including Pernet et al.\'s ([@B103]) report that a right lobule VI cluster was the best biomarker for differentiating adults with dyslexia. The left lobule VI cluster was associated with the ventral attention network, whereas the right VI cluster mapped to the frontoparietal network, and the right Crus II cluster to the default mode network. While the default mode network has not been explicitly investigated in dyslexia, dyslexia is thought to involve dysfunction in a left-lateralized reading network (for recent review, see Richlan, [@B107]), which involves regions associated with both the frontoparietal and ventral attention networks. Although the predominant causal theory of dyslexia proposes a core deficit in phonological processing (e.g., Bradley and Bryant, [@B21])---which may be relevant to the right lobule VI cluster, which connects with left cerebral cortex---it has also been proposed that dyslexia results from deficient visual-spatial attention (Vidyasagar and Pammer, [@B150]), which could be related to the left lobule VI cluster, projecting to right-lateralized cortical regions. The idea that visual-spatial attention is important to reading development is supported by a recent study investigating predictors of reading achievement in preschoolers, which found that a visual attention task was a better predictor of later reading skills than naming and language tasks (Franceschini et al., [@B57]). The ventral attention network includes the right temporo-parietal junction (TPJ; Corbetta and Shulman, [@B35]), and neuroimaging evidence suggests significant overactivation of this area during both phonological (Simos et al., [@B126]; Richlan et al., [@B108]) and attention tasks (Goldfarb and Shaul, [@B59]) in dyslexic participants. Our finding that the most significant cerebellar ALE cluster in dyslexia was associated with the ventral attention network is consistent with these data. The right lobule VI cluster is consistent with right-lateralized activation in the cerebellum for language tasks (Stoodley and Schmahmann, [@B132]), and reduced GM here may be relevant to phonological processing difficulties in dyslexia. As to the specific contribution of the cerebellum to reading (see Stoodley and Stein, [@B134], [@B135], for reviews), the observation that dyslexic readers very rarely achieve fluent, automatic reading led to the proposal that an impairment in cerebellar procedural learning functions could lead to the range of symptoms seen in dyslexia (Nicolson et al., [@B99]; Nicolson and Fawcett, [@B100], [@B101]). Consistent with the idea that modification of cerebellar circuits could improve skill acquisition, cerebellar GM in the right anterior lobe increased in response to successful remediation in dyslexia (Krafnick et al., [@B78]). The left VI cerebellar cluster identified here overlaps with regions of overactivation in dyslexia during functional imaging studies (Linkersdorfer et al., [@B89]). The authors suggest that the overactivation in this region reflects the increased effort or compensatory strategies of dyslexic readers during reading tasks. In summary, as in ASD, it is possible that the different cerebellar clusters showing GM alterations in dyslexia may make differential contributions to the behavioral manifestations of the disorder, such that the left lobule VI cluster is involved in visual-spatial attention difficulties and the right lobule VI cluster is related to phonological deficits. Consistent with this idea, left lobule VI was involved in spatial processing while right lobule VI was involved in language and working memory processing in a meta-analysis of task-based neuroimaging studies (Stoodley and Schmahmann, [@B132]).

Divergent cerebellar structural findings across disorders and co-morbidity
--------------------------------------------------------------------------

The results of this ALE meta-analysis suggest that different regions of the cerebellum show GM reductions in ASD, ADHD, and developmental dyslexia. Although there were no regions of overlap between the disorders, there were some commonalities in the putative cerebro-cerebellar networks affected, including the ventral attention network for ADHD and dyslexia, and the frontoparietal and default networks for ASD and dyslexia. This is not surprising, given the co-morbidities between these disorders: it is estimated that \~40% of individuals with ADHD have reading difficulties (e.g., Willcutt et al., [@B156]), \~30% of males with ADHD have elevated ASD traits (Reiersen et al., [@B106]), and \~30% of individuals with ASD show clinically significant signs of ADHD (e.g., Simonoff et al., [@B125]). Imaging studies have been attempting to establish the unique and shared neural substrates between ASD and ADHD, using both functional (task-based, Christakou et al., [@B33]; functional connectivity, Di Martino et al., [@B43]) and structural (Brieber et al., [@B23]) approaches. The only relevant cerebellar findings thus far revealed overactivation in ASD relative to ADHD and TD groups in the anterior left cerebellum during a sustained attention task (Christakou et al., [@B33]). In ADHD and dyslexia, structural imaging has focused on specific regions of interest (Hynd et al., [@B65]; Semrud-Clikeman et al., [@B123]; Kibby et al., [@B74]) and overall cerebral volume (Kibby et al., [@B75]), with no cerebellar findings to report. Future prospective structural and functional imaging studies will be required to examine the relationship between cerebellar structure and function in ASD, ADHD, and dyslexia and the overlapping symptoms among these disorders.

Limitations
-----------

In any meta-analysis of neuroimaging data, there are inherent limitations due to combining studies using different groups of participants (with different ages, diagnostic criteria, co-morbidities, medication status), imaging parameters and analytical approaches, including normalization methods and thresholding. The ALE approach attempts to accommodate issues related to imaging analyses and registration by treating each focus as the center of a Gaussian probability distribution, and foci are converted between Talairach and MNI space using algorithms that depend on the initial processing software (e.g., SPM vs. FSL). However, there are limitations to the ALE approach, such that it does not account for differences in cluster size between studies. We tried to limit the effect of these issues by restricting our analyses to whole-brain VBM studies which directly compared the patient groups with age-matched TD groups. The strength of this approach is that we were able to determine regions of the cerebellum which are consistently reported in such studies, pooling data from a larger number of participants. Another limitation is the use of the 7-network cerebellar map (Buckner et al., [@B25]) to interpret the predominant cerebral networks associated with our cerebellar clusters. As these maps only include 7 networks, and are based on a winner-takes-all algorithm, there are surely nuances in functional connectivity that will be missed with this approach. Therefore, the results of this study should be used as a basis for future prospective investigations of the role(s) of different cerebellar regions in ASD, ADHD, and developmental dyslexia.

Another limitation is that the results of VBM studies cannot determine the cellular alterations that produce the observed differences in GM (see Zatorre et al., [@B163]). That said, molecular analyses of animal models and post-mortem studies in ASD, ADHD, and dyslexia can provide some clues. The cerebellar cortex is comprised of three layers (the molecular layer, Purkinje cell layer, and the granule cell layer); inputs come in via the mossy fibers and climbing fibers, and the sole output neurons of the cerebellar cortex are the Purkinje cells, which are amongst the largest neurons in the brain with extensively branched dendritic trees. The most substantial body of post-mortem data comes from ASD, where smaller Purkinje cell size and reduced number and density of Purkinje cells have been reported (reviewed in Becker and Stoodley, [@B12]). These findings suggest that GM differences in ASD might be related to these alterations in Purkinje cells, although Kemper and Bauman ([@B72]) also reported reduced numbers of granule cells in the cerebellum in ASD brains. There are very few, if any, post-mortem analyses evaluating the cerebellum for ADHD and developmental dyslexia. One study investigating a small sample of 4 dyslexic brains reported differences in Purkinje cell area (significantly larger in the posterior lobe) and cell density (a trend toward reduced cell density in the posterior lobe), consistent with our findings of reduced GM in the posterior lobe of the cerebellum in dyslexia. In a rodent model of ADHD, a reduced number of Purkinje cells in the cerebellar vermis was reported, which was not present in the ADHD rats treated with methylphenidate (Yun et al., [@B162]). Finally, a recent study investigating GAD65 antibodies in the serum of children with ASD and ADHD found that the serum of 60% of ASD and 53% of ADHD participants reacted with cerebellar Purkinje cells; in a smaller subset of ADHD participants (20%) the serum also reacted with cells in the molecular and granule cell layers (Rout et al., [@B116]). The authors suggest a potential relationship between the Purkinje cell loss reported in ASD and GAD65 reactivity in their ASD group (Rout et al., [@B116]); this relationship may also be present in ADHD. While only a small body of evidence, these data suggest that the differences in GM reported here may have a basis in cellular differences in the circuitry of the cerebellar cortex.

Future directions
-----------------

The results of this meta-analysis suggest that different cerebellar regions are affected in ASD, ADHD, and dyslexia. Further, the clusters where anatomical differences were found in the whole-brain analysis are associated with different functional circuits which are consistent with the behavioral profiles of each disorder: e.g., the default mode network in ASD, the dorsal attention network in ADHD. These findings indicate that the specific sub-region of the cerebellum that is affected in a given developmental disorder should be considered in the context of cerebellar functional topography and cerebro-cerebellar connectivity. Future studies will aim to determine how and when these cerebellar differences arise in the context of neural development, and the specific contribution that cerebellar dysfunction makes to the behavioral manifestations of autism, ADHD, and developmental dyslexia.
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